Introduction
============

Chagas disease is a major parasitic disease, caused by *Trypanosoma cruzi* and is transmitted to mammalian hosts by several species of hematophagous triatomines. Chagas disease is given little public health priority in Mexico, despite ample clinical evidence of its importance ([@B06]). In México, at least 33 species of triatomines are known, of which 23 are unrecorded from other countries ([@B20]; [@B15]). Among them, *Meccus* (former Triatoma) *pallidipennis* (Stal, 1872), a peridomestic vector, is considered one of the most important vectors of Chagas disease in Mexico ([@B14]) because it usually has high entomological indexes and it occurs in houses and chicken roosts in villages of 11 states (33%) of central, southern, eastern and western Mexico ([@B14]; [@B15]).

Biological control agents are preferred against these disease vectors. Among alternative control tools, entomopathogenic fungi are known pathogens of some triatomines ([@B09]; [@B17]; [@B19]). However, due to the great diversity of triatomine vectors in Mexico, it is necessary to find new entomopathogenic *Beauveria* strains with lethal effects to different triatomines.

Entomopathogenic fungi are among the natural enemies of pests in agroecosystems associated with soil and are distributed around the world ([@B16]). The entomopathogenic fungus *Beauveria bassiana* (Balsamo, 1835) Vuillemin is a capable alternative control agent against some agricultural pests and biological vectors of important diseases such as Chagas disease ([@B09]; [@B17]; [@B19]). Species recognition in *Beauveria* is difficult due to a lack of taxonomically informative morphology. A molecular phylogenetic analysis, based on nuclear ribosomal internal transcribed spacer (ITS) and elongation factor 1-alpha (EF1-α) sequences for isolates from diverse geographic origins, habitats and insect hosts, was used to resolve six well supported clades within *Beauveria bassiana* Vuillemin ([@B18]; [@B03]).

A fungal isolate collected from a bug in a rural community in the state of Puebla, Mexico, yielded a strain that was aggressive against specimens of a controlled breeding of triatomines. Controlled development of this strain, called BUAP 04, showed morphological variations of color and colonization with respect of two reference strains AFAO 9-1 and AFAO 9-6, certified by the National Center for biological control. This fungus was aggressive in laboratory bioassays against specimens of a controlled breeding of triatomines.

Therefore in this work, we determined the morphology of this strain, phylogenetic affinities and its effect on mortality of *Meccus pallidipennis* (Stal, 1872). *M. pallidipennis* is considered one of the most important vectors of Chagas in the southern of Mexico ([@B13]; [@B15]), and is found in domestic and peridomestic habitats in the south of State of Puebla where there have been high rates of human infection with *Trypanosoma cruzi* ( [@B26]; [@B21]).

Materials and Methods
=====================

Fungus isolation and morphological identification
-------------------------------------------------

The fungus of this study, called BUAP 04, was isolated from a dead specimen of *Triatoma dimidiata* in San Antonio Rayón locality of Puebla State, Mexico (20°14′08 N y 97°45′00″ W). This strain was grown on SDA medium (Sabouraud-Dextrose- Agar) with 0.01% of ampicillin and incubated at 28 °C. The macroscopic identification of BUAP 04 was performed using the keys of [@B07]. Microscopic identification of the strains was based on previously reported characterization ([@B04], [@B05]). The reference strains, AFAO 9-1 and AFAO 9-6, certified by the National Center for biological control, were selected because they were the strains used for biological purposes to control *Hypothenemus hampei* (coffee berry borer) and there was a need to compare the new isolate with those used in the region as agents of biological control. BUAP 04 was compared with morphological characteristics (macroscopic and microscopic) of the reference strains grown in the same conditions.

Molecular identification
------------------------

BUAP 04, and reference strains, AFAO 9-1 and AFAO 9-6, were grown on PDB (Potato-dextrose-Broth) medium until the optical density reached D.O~600~ = 1. The cells were recovered by centrifugation and then DNA was extracted following the method described by [@B22]. The quantity of DNA was verified in an agarose gel at 0.8% by electrophoresis. Two genes were amplified by PCR (ITS and EF1-alpha) of the three fungal strains using a touchdown PCR procedure ([@B01]). The ITS (\~600 bp segment) was amplified and sequenced with ITS5 (5-GGAAGTAAAAGTCGTAACAAGG-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3) primers and EF1-α (\~1200 bp segment) was amplified and sequenced using EF1T (5-ATGGGTAAGGARGACAAGAC-3) and 1567R (5-ACHGTRCCRATACCACCSATCTT-3) primers using the conditions described by [@B18]. PCR amplifications were performed in a total volume of 50 μL using an Eppendorf 500W/Mastercycler thermocycler and Platinum® *Pfx* polymerase according to the instructions of the supplier (INVITROGEN). The amplified fragments were sequenced in the Centro de Investigación y Estudios Avanzados (CINVESTAV) of Irapuato. The sequence data were deposited in GenBank. The sequences of 24 taxa representing each clade basal phylogenetic analysis relevant [@B18], available in Genbank, were recovered. The sequences of *Cordyceps scarabaeicola*, which was selected as outgroup, were included. In the alignment, 600 bp of ITS and 1200 pb, which correspond to the coding region of ITS and EF1-α respectively, were used. Using the Clustal W program ([@B25]), a maximum parsimony analysis was made on the MEGA program ([@B24]). The phylogenetic analysis consisted of 500 replicas of heuristic searches for each gene. A single array with both gene sequences was then analyzed and the resulting cladograms of 500 replicas of heuristic search were obtained. A strategy, of supporting bootstrap with 1000 replicas that was recovered in the strict consensus tree, was implemented.

Evaluation on *Meccus pallidipennis*
------------------------------------

For the virulence test, strain BUAP 04 was grown on petri dish with PDA at 28 °C during 20 days and then the spores were recovered with TWEEN 80 0.01%. The concentration of the spores was calculated by the counting in Neubauer camera and the viability of spores was determined by trypan blue exclusion method ([@B23]). From an initial concentration of 1×10^7^ spores/mL of strain BUAP 04, seven dilutions were performed (9×10^6^, 7.5×10^6^, 7×10^6^, 4×10^6^, 2×10^6^, 1×10^6^, 5×10^5^ spores/mL) and were sprayed on each group of bugs ([@B10]). 1075 specimens of fifth stage of *Meccus pallidipennis* were obtained from a colony established in laboratory conditions which were sprayed with a solution of sodium hypochlorite at 0.2% to prevent a possible infection by bacteria and other fungi. The experimental design consisted of five repetitions and a control group by dilution. Each experimental unit was formed of 25 specimens within a black plastic bottle of 500 mL, where organisms were sprayed with 2 mL of the corresponding dilution and controls were sprayed with the same volume of sterile distilled water. Once treated, the specimens were returned to strict conditions of lighting (dark containers with folded surface), photoperiod (light source exposure two hours per week), temperature (25 °C) and relative humidity (60%) ([@B12]). Mortality of the specimens was recorded 96 hours after the application of dilutions and until 25 days, that ended the experiment. Using the Probit 1.5 program ([@B02]) LC~50~ and LC~90~ were determined, and compared with previous results obtained for the strains AFAO ([@B27]). All organisms that died during the experiment were placed in Petri dishes with wet and sterile filter paper to highlight the emergence of the fungus. The emergent fungus ([Figure 1](#f01){ref-type="fig"}) was reseeded in Petri dishes with PDA medium to corroborate morphological characteristics of the isolate. Using Fisher's exact test, an ANOVA was performed to compare the average mortality for the total number of repetitions of each of the eight treatments (p = 0.05).

![*Beauveria bassiana* emerging through the coaxes and spiracles from *Meccus pallidipennis*.](bjm-45-551-g001){#f01}

Results
=======

Morphological characteristics
-----------------------------

The BUAP 04 and AFAO 9-6 strains showed a colony diameter average of 8 mm at eight days, a dusty appearance and cream-color, which differed in comparison to the growth diameter of 10 mm, cottony texture and lighter cream color of the strain AFAO 9-1. In the microscopic observation of BUAP 04 and AFAO 9-6 strains, short hyphae, hyaline, simple and septate were highlighted; simple conidiophores grown as irregular shape, composed of clusters of conidiogenous cells in bottle shape; sterigma in zig-zag with large amount of globose spores with a diameter of 2.4 μm approximately. In comparison, the strain AFAO 9-1 developed long hyphae, hyaline, simple and septate with fewer conidiophores and conidiogenous cells but with the same characteristics of sterigma and the same shape and size of the spores of isolate strain.

Molecular and phylogenetic analysis
-----------------------------------

From molecular amplification of the reference (AFAO 9-1 and AFAO 9-6) and BUAP 04 strains, fragments of 600 bp of the ITS gene and 1200 bp for the EF1-α gene were obtained, which were verified by agarose gel electrophoresis using DNA molecular weight markers (1 kb plus, Invitrogen).

The amplified fragments of ITS and EF1-α genes were sequenced and were deposited in GenBank (Access numbers: JX284408 (BUAP 04), JX284409 (AFAO 9-1) and JX284410 (AFAO 9-6) for ITS sequences and JX495611 (BUAP 04), JX495612 (AFAO 9-1) and JX495613 (AFAO 9-6) for EF1-α sequences. The alignment of the ITS and EF1-α genes sequences showed high similarity (99.5 and 99 respectively) with *B. bassiana sensu lato* genes. In the alignment of the EF1-α fragment four exons (of 45, 27, 63 and 648 pb encoding a 261 aa partial protein) were found by comparison to cDNA sequences taken from 24 strains. These exons were highly conserved and that mutations of the genomic PCR fragments were mainly in the introns.

Both the ITS and EF1-α sequences of the Mexican strains remained in close phylogenetic relationship with Brazilian strains as a result of a polytomy between these strains (cladograms not shown). From phylogenetic analysis of the matrix composed of the two gene sequences, two trees of 263 steps, CI = 0.73 and RI = 79 were produced. In this analysis, BUAP 04 always formed a monophyletic group with AFAO reference strains. In this topology, BUAP 04 and AFAO 9-6 were nested as sister units. This group is nested in a polytomy within which we observe the monophyletic group of three Brazilian strains. The isolate and reference strains appear as one of the monophyletic derived nested group within an ancient general node, in a similar topology to that found by [@B18] that defines the group of *B. bassiana s.l*. (*sensu lato*), as shown in [Figure 2](#f02){ref-type="fig"}.

![Tree of strict consensus, showing the phylogenetic relationships of the isolate BUAP04 and other strains of *Beauveria* isolated from different countries. The terminal numbers correspond to sequences of reference of [@B18]. \* The asterisk indicates the sequences resulted of this work.](bjm-45-551-g002){#f02}

Lethal concentrations
---------------------

The LC~50~ of the BUAP 04 isolate was determined to be 4.16 × 10^6^ spores/mL and the LC~90~ was shown to be 1.71 × 10^7^ spores/mL. The trypan blue staining test was negative in all cases proving that all the spores were viable. The percentage of clear mycosis in dead individuals was around 50% ([Figure 3](#f03){ref-type="fig"}). High concentrations showed a greater external infection (last three concentrations). Living individuals were recovered from all tested dilutions and in some specimens subjected to lower dilutions no obvious mycosis was observed. The isolate apparently caused the infertility of eggs of the surviving females of all doses.

![Evaluation of BUAP 04 strain on *Meccus Pallidipennis*. The figure shows the number of dead organisms and dead organisms with mycosis after treatment with BUAP 04.](bjm-45-551-g003){#f03}

Statistical comparison of treatments
------------------------------------

The analysis of variance (ANOVA) showed that there are significant differences in the recorded mortality in three ranges of spore concentration ([Figure 4](#f04){ref-type="fig"}) though it is worth mentioning that the dilution 7 × 10^6^ spores/mL did not present significant differences from groups two and three.

![Number of dead specimens of *Meccus pallidipennis* (bar =average ± standard error) for the isolate BUAP 04 in each treatment. The same letter above the bar indicates that there is no significant difference within the group.](bjm-45-551-g004){#f04}

Discussion
==========

The characteristics of BUAP 04 strain identified it as *Beauveria bassiana* ([@B04], [@B05]; [@B07]). The morphological features of conidia are common tools for identification in *Beauveria*. Morphological and molecular studies have shown that the broad patterns of diversity in *Beauveria* have been accurately predicted in previous morphological studies. However, they have also shown that these approaches are insufficient to investigate species such as *B. bassiana* ([@B18]). Phylogenetic analysis of the sequences of EF1-a resulted in cladograms with higher resolution, consistent with the results of [@B18] and [@B03]. The resulting topologies of phylogenetic analyses of sequences of the ITS and EF1-α genes separately, were highly similar to the topologies obtained by [@B18]. Our cladogram of consensus, obtained from the analysis of both genes, matches with the characterization of *B. bassiana sensu lato* group. In this sense, the resulting cladogram allows us to identify the BUAP 04 isolate with relations closer to the AFAO 9-6 strain, within the diversity of the *B. bassiana s.l.* group. Although there was the possibility that the BUAP 04 isolate was direct descendant of strains distributed throughout the campaigns of biologic control, molecular study allowed us to recognize that it was a different fungus due to the numerous inserts that are present. Information obtained from the cladogram of our work, highlights the phylogenetic proximity of the BUAP 04 isolate with strain AFAO 9-6, which shows similar morphological characteristics in the development of its cultures, as shown by the comparative morphology of the isolate.

Natural mortality in the control group corresponds to the expected since biologic cycle studies previously reported a low mortality for the fifth stage ([@B14]). The survivors of the group in totality were transformed into healthy imagos, which in addition to the null expression of mycosis, discards the fungal contamination of dead specimens during treatment. It was proven that BUAP 04 isolate is virulent for *Meccus pallidipennis*.

The LC~50~ was similar to that obtained by [@B11] for *Metarhizium anisopliae*, which corresponds to a concentration of spores higher than the corresponding value for *B. bassiana* in this study. Our data were similar to those obtained by [@B08] who recorded LC~50~ in a range of 5.3 × 10^6^ to 11.5 × 10^6^ spores/mL in a period of two weeks upon infection of *T. infestans*. It can be proved that in concentrations with highest number of spores the mortality is increased in less time and the percentage of specimens that develop external mycosis is also higher. We suggest an analysis of the LC~50~ over a longer period because, in general, few spores are required to increase mortality, to affect its ability to fertilize eggs and cause damage that suppresses feeding as was observed in the conduct of survivor specimens. The evaluation studies of the AFAO 9-1 and AFAO 9-6 strains, report a higher LC~50~ than obtained with BUAP 04 strain, and a smaller mortality percentage at low dilutions, confirming that this strain could be a good candidate for formulations to control *M. pallidipennis* ([@B27]).

The observation of sporulation of the fungus in dead specimens that were treated with low concentrations, evidenced the development of massive internal hyphae that generate all known pathogenic actions on the digestive system and the reproductive tract of the insect, targets recognized in other studies where infection included ovarioles, spermatheca, and other bodies (Zumaquero and Moran unpublished data).
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